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SUMMARY 

Data obtained from an extensiTe investigation of the cooling 
characteristics of four multicylinder, liquid-cooled engines have 
been analyzed and a correlation obtained betveen the cylinder-head 
temperatures and the primary engine and coolant vcurlables. The 
method of correlation vas previously developed by the NACA from an 
anciLysls of the cooling processes Involved in a liquid -cooled- 
englne cylinder and is based on the theory of nonboiling, forced- 
convection heat transfer. The present correlation, vhlch covers 
engine power outputs up to 1860 brake horsepower, coolant flow 
rates from 50 to 320 gallons per minute, and coolants composed of 
ethylene glycol — water mixtures varying in composition from 
100 -percent water to 97 -percent ethylene glycol and 3 -percent 
water. Included ranges of engine speed, manifold pressure, 
carburetor-air temperature, fuel -air ratio, exhaust-gas pressure, 
ignition timing, and various coolant temperatures. The effect on 
engine cooling of scale formation on the coolant passages of the 
engine and of boiling of 'the coolant under various operating con- 
dltions is also discussed. 

The results of .this analysis Indicated that the correlation 
method is applicable to multicylinder, liquid-cooled engines of 
the type investigated and permits the prediction of the cylinder- 
head temperature between the exhaust valves within approximately 
±12° F for any operating condition within the range of the 
investigation . 


INTRODUCTION 

An investigation of the cooling characteristics of recipro- 
cating aircraft engines is of Importance in order to Insure sat- 
isfactory engine performeuice at extreme conditions of operation. 
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A conslderal)le amount of data on the cooling characteristics of 
various ed-r-cpoled engines have been published by various Inves- 
tigators but little data have been published on the cooling char- 
acteristics of li(iuid -cooled engines. 

An extensive research program to detexmlne the cooling char- 
acteristics of liquid-cooled engines vas therefore Instituted at 
the NACA Cleveland laboratory In 1943. The Initial ^ase of this 
program consisted of an investigation conducted on a single- 
cylinder engine to provide data for a fvmdamental study of the 
heat -transfer piecesses Involved. The final results of this 
Investigation are repoirbed In reference 1 In vhich an analysis, 
be»ed on the theozy of nonboiling forced -convection heat transfer, 
vas made of the cooling processes in a llquld-cOoled engine. This 
analysis resulted In a semlempirlcal method, similar to that pre- 
sented In reference 2 for air-cooled engines, of correlating the 
cylinder-head temperatures vlth the primary engine and coolant 
variables and this method vas successfully applied to the data. 

Follovlng the investigation on the single-cylinder engine 
(reference 1), a comprehensive Investigation of the cooling char- 
acteristics of a multicylinder engine of 1710-cub Ic -Inch displace- 
ment vas conducted. The primary data obtained In this investiga- 
tion are presented In reference 3, vhich presents plots of the 
cylinder temperatures and the coolant heat rejection against the 
basic engine and the coolant variables. order to determine the 
applicability of the correlation method of reference 1 to a multl- 
cyllnder engine, this method vas employed In slightly modified 
form to correlate the cylinder -head t^aperature data of reference 3, 
and the results are presented herein. In refeirence 4, a variation 
of this correlation method Is used to correlate the coolant heat 
rejection data of reference 3 vlth the basic engine and coolant 
parameters . 

The data used in the correlation presented In this report 
cover vide ranges of engine and coolant conditions Including engine 
power outputs up to 1860 brake horsepower, coolant flovs from 50 to 
320 gallons per minute, and coolants composed of ethylene glycol — 
vater mixtiires ranging In composition firam 100 -percent vater to 
97 -percent ethylene glycol and 3 -percent vater. 


AFPABATUS AND PROCSDORE 

The Investigation of reference 3, which provided the data 
for this analysis, vas conducted on a dynamometer stand. The 
data used In the analysis vere obtained from four Y-1710 engines 
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vhlch are designated engines A, B, C, and D In reference 3 and 
herein. All these engines are standard production models; engine B 
vas eq.ulpped with eui aftercooler for part of the Investigation. 
These engine models are 12 -cylinder^ liquid >cooled, Y-type engines 
with a displacement of 1710 cubic Inches, a 5.5-lnch bore, and a 
6.0-lnch stroke. The compression ratio Is 6.65 and the engines are 
fitted with single-stage gear-driven superchargers having a gear 
ratio of 9.6:1 and an Impeller diameter of 9.5 Inches. The stand- 
end Ignition system Is timed to fire the Intake spark plugs 
28° B.T.C. and the exhaust spark plugs 34° B.T.C. The valve over- 
lap extends over a period of time equivalent to 74° rotation of the 
crankshaft . 

The cylinder-head temperatures were measured by Iron-constantan 
thexmocouples Installed In eeush cylinder between the exhaust vedves, 
between the Intake valves, and In the exhaust spark-plug boss at the 
locations shown In figure 1. A sch«natlc diagram of the coolant 
system Is shown In figure 2; further detedls of the Instrumentation 
and a description of the general setup and auxiliary equipment are 
given In reference 3. 

A summary of the engine and coolant conditions covered by the 
Investigation Is presented In table 1. The tests on engine A 
covered typical engine operating condltloas varying from cruise to 
take-off power and Included data for several coolant flows and 
temperatures and a range of engine coolant-outlet pressures from 
10 to 30 pounds per square Inch gage. The effects of coolant tem- 
perature and engine power on the cylinder temperatures and coolant 
heat rejection were further determined In the port of the Investiga- 
tion conducted on engine B. Tests In >dilch an aftercooler was 
mounted on this engine were also made to determine the effects of 
varying the charge flow, the manifold temperature, the fuel-«d.r 
ratio, and the aftercooling conditions on engine cooling. The pairt 
of the Investigation on engines C and D was conducted to extend the 
range of this correlation and to provide data essential to the 
correlation that were not obtained on the other two engines. 


COHRELATION METHODS 
Symbols 

The following symbols are used In the correlation: 
Bi . . . B 5 constants 

c specific heat of coolant, (Btu)/(lb)(°F) 
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g 

J 

k 


m, n, 8 


N 

Pr 


^g 


T 

m 

U 


W. 


w. 


specific heat of air at constant pressure. 
(Btu)/(lb)(®P) 

acceleration due to gravity, 32.2 (ft)/(sec2) 

mechanical equivalent of heat, 778 (ft-lh)/(Btu) 

thermal conductivity of coolant, 

(Btu)/(sec)(sq ft)(°F/ft) 

exponents 

engine speed, (rpn) 

Prandtl number of coolant, ^ 

carburetor inlet -air temperature, (°P) 

♦ 

effective cylinder-gas temperature, (^) 
average cylinder -head temperature, (°F) 
average coolant temperature, (°F) 
dry inlet snanlf old temperature, (^) 
supercharger impeller tip speed, (ft)/(sec) 
engine charge flow (air plus fuel), (lb)/(sec) 
coolant flow, (lb)/(sec) 

factor that accounts for temperature drop throu^^ 
cylinder head 

absolute viscosity of coolant, (lb)/(ft)(sec) 


Correlation Equation 

One form of the equation developed in reference 1 for cor- 
relating the cylinder temperatvire with the primary engine and 
coolant conditions is 
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k 


Pr® = Bi 



( 1 ) 


where T_ is a function of fuel -air ratio, Inlet -manifold ten 5 >era- 

O 

ture. Ignition timing, and exhaust pressure, k, ji, and Pr are 
functions of the coolant composition euid temperature, and Z Is 
a factor that accounts for the temperature drop through the cylin- 
der head. 


In eq,uatlon (1), the coolant-flow factor Wj/n Is the sepa- 
rated variable, the effect of charge flow being Incorporated with 
the temperature parameter. It may be desirable In many cases, 
however, to separate out the effect of charge flow. By rearrange - 
ment of equation (1), the following alternative fom Is obtained in 
which the charge flow is the separated variable: 



( 2 ) 


The constant B]^, the factor Z, and the exponents m, n, 

and s are determined from the test results and the details of 
their evaluation are given later in this report. The slgalflcance 
of other factors appearing in the correlation equation or used in 
the analysis Is discussed In the following section. When these 
factors are evaluated, the relations among euad the various 

operating conditions will be ccmpletely defined by equation (l) 
or (2), and these equations will then serve to correlate and per- 
mit the prediction of the cylinder-head temperature for any engine 
and coolant operating conditions. 

If modes of heat transfer other than normal foarced convection 
are predominant or If variables other than those contained in the 
correlation equation have an effect on the cylinder temperatures, 
the data may be expected to depart from a satisfaotory correlation. 
Two such factors that may be encountered In engine operation £kre 
boiling of the coolant ^d scale build-up on the coolant passages. 
The effects of these two factors are Illustrated In figures to be 
presented subsequently. 
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Significance of Factors 

Cylinder temperature Tj^. - The average of the tenqperatures 

measured betveen the exhaust valves for the 12 cylinders is used 
for the cylinder temperature in this analysis. This tempera- 

ture location vas chosen because it is the most vldely used tem- 
perature for this engine and, being in the hottest region of the 
cylinder head, may be considered indicative of critical cooling 
conditions. Although an average cylinder-head temperature is 
indicated in the derivation of the equation and is used in the 
correlation presented in reference 1 a satisfactory correlation 
would be expected for any single tenq>erature location. This 
possibility of satisfactorily correlating the temperatxire of any 
location is a result of the linear relation (reference 3) that 
exists between temperatures at various locations in the cylinder 
head. 


In order to permit an evaluation of the maximum cylinder-head 
temperature obtained for any operating condition, the relation 
between the average temperature for the 12 cylinders and the tem- 
perature of the hottest cylinder is presented. 

Effective cylinder-gas temperature T„. - The effective 

Q_ 

cylinder-gas temperature Tg is the gas temperature effective in 
transferring heat from the cylinder gases to the cylinders, and, 
as previously indicated, is considered a function of the fuel-air 
ratio, inlet-manifold temperature. Ignition timing, and exhaust 
pressure. The value of Tg for the varloiis engine conditions is 

deteimlned from tests described and Illustrated subsequently. 

Dry inlet -manifold temperature T^. - The true inlet -manifold 

temperature in a conventional multicylinder engine is difficult to 
measure because . of the presence of unevaporated fuel in the charge 
mixture. For cooling correlations, the expedient of using a cal- 
culated dry inlet -manifold temperature Instead of the measured 
manifold tonperature is adopted. This dry inlet -manifold tempera- 
txrre is defined as the sum of the air temperature at the carburetor 
inlet and the calculated temperature rise of the air inciirred in 
passing through the supercharger. This temperature rise was cal- 
culated on the assumption that there was no fuel vaporization. By 
assuming a value of 0.96 for the slip factor, which is the ratio of 
the pressure coefficient to the adiabatic off Iciency of the super- 
charger, the dry inlet -manifold temperature Tm may be written as 
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*•01 


Tc + 


0.96 

JgCp 


( 3 ) 


For the single-stage engines used, this relation reduces to 

lia - To - 25.28 (4) 

For the tests of the engine fitted vlth the aftercooler, the 
temperature drop of the charge mixture Incurred In passing throu^ 
the afteTOOoler vas calculated from the heat rejected to the after- 
cooler coolant and subtracted from the manifold temperatiure deter- 
mined from equation (4). 

Charge flow W^. and fuel -air ratio. - The value of charge 
flow ~Wc vas tedcen as the total charge flow (air pliis fuel) to the 
engine, althou^ similar correlations may also he made on the basis 
of the air flow alone. The fuel -air ratio used was the mean fuel - 
air ratio to all cylinders as obtained from the total air and fuel 
flows. 


Coolant flow Wj and coolant temperature Tj. - The coolant 
flow ~Wj was, for simplicity, taken as the total coolant flow to 

both cylinder banhs. Althou^ the construction of the coolant 
passages In the engine Is such that the flow varies considerably 
from cylinder to cylinder, it Is shown In reference 3 that changes 
In the total flow effect proportional changes In the flow over any 
one cylinder. The coolant temperature T^ was taken as the 

average of the Inlet and outlet temperatures of both cylinder 
banks. 


Physical properties of coolants. - The physlcetL properties of 
the coolants (specific heat cj absolute viscosity n, theimal 
conductivity k, and therefore the Prandtl number Pr) were 
evaluated at the average coolant temperature Tj. The values used 
are p^z’esented in convenient curve fom In reference 1. 


EVALUATION OF FACTOBS 
Effective Cylinder -Gas Temperature Tg 

, The method used to evaluate Tg, which has been successfully 
applied to the correlation of cooling data obtained for a large 
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maniber of air-cooled engines and the liquid-cooled engine of refer- 
ence 1, constitutes first the estahllshment of a reference value 
of T for a given set of operating conditions and then the deter- 

s 

mlnatlon of the variation of Tg with each of the pertinent engine 

conditions. On the basis of previous correlation vork, a reference 
value of 1150° F for T_ vas chosen for a fuel-air ratio of 0.080, 

an inlet ^nanif old temperature of 80° F, standa3rf. igiition timing 
(approximately maximum power setting), and an exhaxist pressure of 
30 Inches of mercury absolute. Investigation has shown that the 
correlation is insensitive to changes in the magnitude of this 
reference value of Tg; it is Important, however, that its varia- 
tion with engine conditions be accurately determined. 

The variation of Tg with fuel-air ratio, manifold tempera- 

t\ire, ignition timing, and exhaust pressure was determined from the 
tests in which these factors were independently varied while hold- 
ing all other engine and coolant conditions constant. For such 
conditions, correlation equation (l) reduces to 



s constant 


(5) 


This constant is evaluated from the cylinder -head and coolant - 
temperature data at the reference operating conditions for which 
the value of Tg has already been established. The value of Tg 

for other than the reference value of the aforementioned variables 
is then calculated from the value of the constant and the coolant 
6tnd cylinder -head temperatures obtained at the operating conditions 
in question. The engine and coolant conditions for which each of 
these tests was conducted are listed under each pertinent variable 
in table I. 

Variation of Tg with fuel-air ratio. - The variation of Tg 
with fuel-air ratio is shown in figure 3. The values of Tg pre- 
sented have been corrected to a dry inlet-manifold temperat\xre of 
80° F in accordance with a relation between the manifold tempera- 
ture and T„ that will be subsequently discussed. A maximum 

O 

value of Tg is reached at a fuel -air ratio of about 0.067, which 
is approximately equal to the fuel -air ratio for the stoichiometric 
mlxtiure. Data obtained from three different engines, one of idilch 
was fitted with an aftercooler, are included in figure 3 and close 
agreement among the three is noted. The variations obtained for 
both the single-cylinder engine of reference 1 and the air-cooled 



NACA RM No. E8B06 


9 


engine of reference 5 are also shown in this figure. The TeJ.ues 
of Tg for the single -cylinder engine are seen to he somewhat 

lower than those for the multicylinder engines of the present 
investigation, particularly in the rich region, hut close agreement 
between the multicylinder liquid-cooled and air-cooled engines is 
evident. 

Variation of Tg with dry inlet -manifold temperature - 

The variation of Tl with the calculated dry inlet -manifold tm- 

8 

perature is shown in figure 4. The data, which are presented 

for three engines and varloxis engine operating conditions, have 
been adjusted to a fuel-air ratio of 0.080 in accordance with the . 
relation between T„ and the fuel-air ratio that is presented in 

figure 3. As indicated in equation (4), the inlet -manif old tempera 
ture may be varied by changing either the carburetor inlet -air tem- 
perature or the engine speed. Data obtained from tests wherein 
each of these quantities was independently varied are presented 
(fig. 4) and both sets of data fall on a common curve. 

An average change in Tg of about 0.25° F per degree 
Fahrenheit change in Tjjj is indicated and correction of Tg to 

other than 80° F manifold temperature is therefore made in accord- 
ance with the relation 


ATg = 0.25 (Ta - 80) 


( 6 ) 


Variation of T_ with exhaust pressure. - The effect of 

8 

exhaust pressure on Tg for three values of fuel -air ratio and 

various engine conditions is presented in figure 5. These values 
of Tg have been corrected to an inlet -manifold temperature of 

80° F by means of equation (6). An increase in exhaust pressure 
results in an increase in Tg, and, for the range of fuel -air 
ratios covered, the increase is some^at greater at the lean than 
at the rich mixtures. A similar effect of exhaust pressure on Tg 
was obtained in the teste of an air-cooled engine which are 
reported in reference 6 and also in unpublished tests of euiother 
liquid -cooled engine conducted at this laboratory. 

For convenience, a cross plot of these curves is shown in 
figure 6 in which Tg is plotted as a fiuiction of fuel-air ratio 

for exhaust pressures of 10, 20, 30, 40, and 50 inches of mercvtry 
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absolute. The curve for an exhaust pressure of 30 inches of mer- 
cury was obtained from figure 3 euid the shape of this curve was 
used as a guide in drawing those for the other exhaust pressures. 

Variation of Tg with ignition timing. - The variation of Tg 

with igiition timing for engine speeds of 2600 and 3000 rpn is pre- 
sented in figure 7 eia a plot of ATg against spark advance. This 

variable ATg represents the change in effective cylinder-gas 

temperature from the value at the standard ignition timing (exhaust 
spark plugs) of 34° B.T.C. The magnitude of the correction to Tg 

for other than standard ignition timing increases positively as the 
spark setting is increased or decreased from the normal position. 
The data separate somewhat with engine speed for spark advances 
less than the normal setting but, for simplicity, a single curve 
has been drawn throu^ all the data. 


E3^onent n on Charge Flow 

The value of the exponent n on charge flow was obtained 

from tests at constant coolant conditions in which the charge flow 
was varied by changing the engine speed, manifold pressure, or 
exhaust pressure. For such conditions, eq^uat ion (l) reduces to 


Th -Tj 

Tg -Th 


W 


(7) 


A logarithmic plot of 



against is shown in 


figure 8 and the slope of the line through the data, which is equal 
to the value of the exponent n, is 0.60. Althou^ the absolute 


value of the factor 


Th -Tz 

Tg -Ti, 


would be different for different 


coolant conditions, the slopes of the resulting lines would be the 
same. The data for the runs with a coolant flow of 300 gallons per 
minute were adjusted to a flow of 250 gallons per minute to be con- 


sistent with the rest of the data by changing the factor = — 

Tg - Tjj 

in accordance with the effect of coolant flow on the cylinder-head 
temperature presented in reference 3. Data covering a wide range 
of engine speed, manifold pressure, and exhaiast pressure are pre- 
sented for each of two engines and close £igreement is noted. 
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The Factor Z 


The factor Z vas det'ezmlned from tests in vhlch the coolant 
temperature and composition were held consteint while the coolant 
flow Wj was varied. For these conditions, equation (l) may he 
written 


- Thj W ■ * 


m 


( 8 ) 


A plot of 


previously determined values c£ 





ageilnst l/Wj, using the 
and the exponent n, is shown 



in figure 9 for five different coolant compositions. Extrapolation 
of these data to l/Wj = 0 (at which point the value of 

is equal to the Z factor) results in a 

^ 

value of 0.13 for Z. Inasmuch as tiie extrapolation was necessarily 
made over a fairly wide range of flow rates, it may he considered 
somewhat arbitrary. The value of 0.13 was chosen hy drawing curves 
having the" same general shape as those" presented f or a "similar “plot — 
in reference 1 and then plotting a final correlation using three 
different values of Z; the value that gave the most satisfactory 
correlation (0.13) was finally chosen. 


In the investigation of reference 3, it was f o\md that the 
cylinder-head temperature, peuTticularly in the exhaust or hot side 
of the head, increased with engine running time during the Initial 
operation of the engine. This Increase in temperature is illus- 
trated in figure 10 and it is noted that the temperature between 
the exhaust valves increased about 25^ F during approximately the 
initial 100 hours of engine running time and remained substantiaQ.ly 
constant as the operating time was further increased. Unlike the 
variation exhibited by this temperature location, the temperature 
at the exhaust spark-plug boss Increased only slightly and the tem- 
perature between the intake valves remained constant over the 
entire period of the investigation. As discussed in reference 3, 
an inspection of the coolant passages of a scrapped cylinder head 
revealed scale deposits, on the exhaust side of the cylinder head 
but none on the Intake side. This Increase in temperature was 
therefore attributed to the scale deposits on the coolant passages. 
Because the Z f eictor accounts for the temperature drop through 
the cylinder head, this Increase in cylinder-head temperature with 
engine running time will be reflected as a similar variation in 
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the Z factor. Th® detennlnatlon of the Z factor (0.13), vhlch 
vas after about 100 hours accumulated engine running time. Is 
therefore applicable only for this or greater engine running times. 
Althoixgh the final correlation is insensitive to the magnitude of 
this basic value of Z, it is necessary that the variation of Z, 
vhlch occurs dviring the initial engine running time, be accurately 
determined and included in the final correlation. 

The variation of Z during the Initial engine running time 
vas determined from cylinder-head-temperature data obtained at a 
reference, operating condition. For this reference condition, the 
coolant and engine conditions vere constant; accordingly, equa- 
tion (8) may be vritten 

f ^ A - Z = constant (9) 

V^g - V 

The value of the constant is determined from the substitution into 
the equation of the previously determined value of Z and the 
peirtinent engine and coolant data obtained at 100 hours engine 
running time. The value of Z at other engine running times is 
then determined from the value of the constant and the cylinder- 
head temperatures obtained at the running time \uider consideration. 

A plot shoving the variation of the Z factor for engine L 
vlth engine running time is presented in figure 11. Seme of the 
data vere obtained at the reference operating condition; other data. 
Included in order to establish more completely the variation of Z 
vith time, vere obtained at engine conditions other -Uian the refer- 
ence condition and adjusted in accordance vith the variation in Tg 
and the effect of W^, previously presented. It can be seen that 

the Z factor increases during the initial engine operating time 
in a manner similar to that for the cylinder-head temperature 
(fig. 10) and that there is no significant change in the value of 
Z after about 100 hours running time. It is expected that this 
phenomenon vill vary from engine to engine depending upon the 
history of operation. The range of conditions euid engine running 
time over vhlch this variation vas established is indicated by the 
schedule of engine operating time in table I. 

For engine D, the value of Z used in the subsequent correla- 
tion plots vas determined from the curve of figure 11. For 
engines A, B, and C, the data vere insrifflcient to provide separate 
evaluation of Z, but most of the correlation data provided by 
these engines vere obtained after the engines had been run for a 
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considerable length of time so a value of 0.13 was used. Because 
this value resulted in satlsfeictory correlation of the data frcm 
engines A, B, and C with those of engine D, it may be assumed that 
the coolant passages of these engines were in about the same con- 
dition as those of engine D after about 100 hours engine nmning 
time. 


Exponent m on Coolant-Flow Parameter 


The value of the exponent m on the coplant -flow param- 
eter was determined from tests in which the coolant tem- 

perature and composition were held constant while the coolant 
flow Wj was varied (similar to data for determination of 

Z factor) . For these conditions, equation (l) may be written 



( 10 ) 


-A~logarithmic— plot^of t he fa c tor 




^y-0.60 


- z 


against Wj/ji is shown in figure 12 for five different coolant 


compositions. The slope of the stral^t lines throu^ these data 
is eq.ual to the exponent on Wj/p. Lines having the same slope 

are drawn through the data for each coolant and the value of the 
exponent m is accordingly established as 0.48. This value for 
the exponent m, which is established from these selected data, 
will, of course, be verified by the slope of the line through all 
the data on the final correlation plot based on equa:tion (l). 


Exponent s on Prandtl Number Pr 

The value of the exponent s on the Prandtl number Pr was 
determined from data f pr a constant value of V^/p and for 

constant engine conditions. For these conditions, equation (l) 
may be reduced to 
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•Hie slope of the line deteimined by a logarithmic plot of • 

k against Pr (or vould then 

establish the value of the esi)onent s, A wide range of Prandtl 
number for this plot may be obtained if data for several different 
coolants are used. In order to construct this plot, it is conven- 



ient to obtain values of the factor | 
from figure 12 for a constant value of 


h - 

Wj/n 



and then to cross - 


plot the values of this factor against the Prandtl number Pr of 
the different coolants. Data obtained from a cross plot of 
figure 12 at a constant value of W^/pi eq.ua! to 55,000 is shown 


in figure 13 and the slope of this line thus establishes the value 
of the exponent s on the Preuidtl number Pr as 0.33. 


FINAL CORRELATION 

Final Correlation with Coolant -Flow Factor Vi/\x as 
Independent Variable 

The final correlation based on equation (l), which is obtained 
by plotting the factor 



ag€ilnst Wj/|a for all test data on logarithmic coordinates, is 

presented in figure 14(a). Althou^ the data points scatter con- 
siderably, the maximum variation in^ T^ resulting from this 
scatter is not large. A variation in Tj^ of il2° F for typical 

engine conditions at normal rated power is represented by the 
dashed lines in the figure, and it is seen that almost all the 
data for the four engines lie within this band. 

The value of the exponent m, which is obtained frcm the 
slope of the line through the data, is, as previously determined, 
equal to 0.48 and the value of the constant B^, found by sub- 
stitution of the values of the coordinate of any point on the line 
into the correlation equation, is equal to 0.00163. The final 
equation is accordingly written 
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,y 0.60, 



k Pr 


,0:33 


/WjVO-^8 

0.00163 (12) 


and will apply over a considera'ble range of engine operating con- 
ditions, coolant temperatures, coolant flows, and coolant 
ccmpositions . 

In order to illustrate the variation in the correlation 
obtained among the four engines, the correlation of figure 14(a) 
is re plotted in figure 14(h) using a different symbol for eaoh 
engine. The separation of the data between engines is sli^t and 
the scatter for one engine is eilmost as great as the total scatter 
for all engines. 


Final Correlation with Charge Flow Wg as 
Independent Variable 

Congelation of the test data based on equation (2), wherein 
the factor 


~ ^h\ /0.OOI63Y \ 

Th - Pr°-33y 


+ Z 


is evaluated by using the previously determined values of m, s, 

Z, and and plotted against the charge flow Wg, is shown 

in figure 15. A strai^t line with a slope of -0.60, which is 
equal in absolute value to the value of the exponent n on Wg, 
previously determined, is drawn throu^ the data. As a result of 
the different arrangement of the terms in this equation, the 
apparent scatter of the data is considerably less in figure 15 
than in figure 14; the over-all accuracy of the correlation is, of 
course, the same. 

VThen equation (12) is rearranged in accordance with this plot, 
the following form is obtained: 



/0.00163\ 


0.48 \ 


+ Z 


-0.60 


(13) 


As previously mentioned, the values of the factor Z for 
engine D used in plotting the final correlation of figures 14 and 
15 were obtained from figure 11. If a constant average value were 
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used for Z, the scatter of the data would he increased from 
approximately ±12° to about ±22° F, depending upon the engine 
running time. 

In order to facilitate the computation of head temperatvires 
hy means of eq.xxation (13), values of the coolant -property 
/ 0.48 \ 

parameter ( — ^^“o~33 ) presented in figure 16 for various 

Vk Pr * / 

coolant mixtures of ethylene glycol and water over a range of 
coolant temperatures . 


Effect of Boiling of Coolant on Correlation 

It was found in the investigations of reference 3 that londer 
some conditions of operation a reduction in coolant flow increeised 
the amoimt of boiling of the coolant and reduced the normal tend- 
ency of the cylinder-head tanperature to increase with reduced 
coolant flow. In order to determine the effect of this boiling of 
the coolant in the correlation, the relations given by equation (13) 
were considered. The left-hand side of this equation should nor- 
mally be a function of only charge flow and, if boiling of the 
coolant were negligible, would be independent of the coolant flow. 
If, however, boiling occurs to an appreciable extent, the value of 
the left-hand aide of this equation would be expected to vary with 
the coolant flow. A plot of this parameter against coolant flow is 
shown in figure 17 for two different engine operating conditions 
and several cooleint compositions . For coolant flows greater than 
about 100 gallons per minute, the value of the plotted parameter 
is independent of the coolant flow, which indicates that boiling 
of the coolant did not occxir to a noticeable degree in this range. 
For coolant flows less than about 100 gallons per minute, however, 
the value of the parameter increases with reduced coolant flow 
(depending on the engine power and coolant), which illustrates the 
tendency of boiling of the coolant in this range of flow rates to 
reduce the cylinder -head temperature. 

The maximum variation of the parameter plotted in figure 17 
is equivalent to a decrease in head temperature of leas than 10° F. 
Because this variation is within the normal scatter of the data, 
the correlation is not seriously affected by boiling for the ranges 
of variables covered. Extrapolation of this correlation to com- 
binations of hi^er engine power, lower coolant flows, or lower 
coolant pressures than those covered by this investigation would, 
however, be subject to uncertainties and reduced accuracy of pre- 
diction of cylinder temperatures. 
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Relation between Average and Maximum C 7 linder-Head Temperatui^a 

In figure 18 the average temperature of the 12 cjlinders is 
plotted against the temperature of the hottest cylinder for the 
location in the cylinder heeui between exhaust valves. Good cor- 
relation of these data is obtained for all conditions and for all 
engines with the maximum cylinder-head ten^rature ranging from 
10° to 20° F higher than the average temperature. Prom the cor- 
relation of the average cylinder-head temperature with the primary 
engine variables and coolant variables given in figure 14 or 15 
and from the relation between the maximum and average head tempera- 
tures shown in figure 18, an estimation of the maximum cylinder- 
head tmnperature between exhaust valves is possible for a large 
range of engine and coolant conditions. 

USE CF CORRELATION EQUATION 

The use of the correlation equation in detennining cylinder- 
head temperatures is Illustrated by the following example : 

The maximm cylinder-head temperature between the exhaust 
valves is to be determined for the following engine and coolant 
conditions ; 


Engine charge flow (air plus fuel), Ib/sec . 3.0 

Engine speed, rpm 3000 

Fuel -air ratio 0.095 

Carburetor-inlet air temperature, °F . 60 

Exhaust pressure, in. Eg absolute 40.0 

Ignition timing (exhaust spark plugs), deg B.T.C 40 

Accumulated engine running time, hr Over 100 

Coolant flow, Ib/sec ' 30.0 

Average coolant temperature, ?F 250 

Coolant ccanposltion, ethylene glycol — water 

(percent by volimie) ^ . 30 — 70 


The value of the average cylinder-head temperature is first 
evaluated from equation (13) and the maximum cylinder -rhead toapera- 
ture then determined from figure 18. Althou^ either equation (12) 
or (13) may be used to evaluate the average cylinder -head tempera- 
ture, the grouping of the coolant-property terms of equation (13) 
results in greater convenience of application. 

The dry inlet-manifold temperatvire is computed from the. 
carburetor-air temperature and the engine speed by means cf 
equation (4) ais follows; 


/ 
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T„ . Te + 25.28 


= 60 + 25.28 


3000 

1000. 


= 288"^ F 


In order to determine the effective cylinder-gas tempera- 
ture Tg, a value of Tg for a fuel-air ratio of 0.095, an 

exhaust pressure of 40 inches of mercury absolute, standard igni- 
tion timing, and a dry inlet -manifold toaperature of 80® F is first 
determined from figure 6 as 1069® F. The correction for an igni- 
tion timing of 40® B.T.C. is obtained for figure 7 as 24® F. For 
a dry inlet -manifold temperatiire of 288° F, the correction to Tg 

is determined from equation (6) 

ATg = 0.25 (T^ - 80) 

= 0.25 (288 - 80) 

= 52® F 


The value of Tg is then determined by Mding algebraically 

the corrections for ignition timing and manifold temperature to 
the value obtained from figure 6. 

T„ = 1069 + 24 + 52 = 1145® F 

b 

BecaAse the variation of Z with engine nuining time was 
shown to be constant at a value of 0.13 (fig. 11) for any engine 
running time over 100 hours, this constant value is used. The 

/ 0.48 V 

coolant -property parameter — — ] is deteimined from flg- 

\k Pr®*'^V 

ure 16 for the specified coolant and coolant temperature as equal 
to 164. 


Substitution of the values of the various peurameters into 
equation (13) 



fo. 00165 V 


+ Z 



-0.60 



NACA EM No. E8B06 


19 


gives the following 

^ »•“] = 


(0.0522 + 0.13) = 0.5173 


Therefore 


= 2.839 


Solving for the value of Tj^, 

2.839 Tjj + = 1145 + 2.839 x 250 

3.839 Tij = 1855 
= 483° F 

For this value of the avereige cylinder -head temperature, the maxi- 
mum cylinder-head temperature "between the exhaust valves is found 
to he 499° F (fig. 18) . 


SUMMARY OF RESULTS 

An analysis of the data obtained from four multicylinder, 
liquid-cooled engines of 1710-cuhic-lnch displacement, which 
included power outputs up to 1860 hreike horsepower, coolant flows 
from 50 to 320 gallons per minute, and coolants composed of 
ethylene glycol — water mixtures varying in composition from 
100-percent water to 97 -percent ethylene glycol and 3-peroent 
water gave the following results: 

1. The NACA correlation method, which is based on the theory 
of heat transfer by noimal forced convection, provided satisfactory 
correlation of the cylinder-head temperatmre between the exhaust 
valves with the primary engine and coolant variables for a wide 
range of engine and coolant conditions. 

2. The correlation method £is applied herein permitted the 
prediction of the cylinder-head temperature between the exhaust 
valves within approximately il2° F. 


Il45-Ta 

.Th-250 j 


'I145-Th\ 
Tj^-250 } 


'I145-Th'\ 
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3. The Increase in the cylinder -head temperatures, which 
occurred during about the first 100 hours of engine operating time 
for constant operating conditions, (attributed to scale build-up 
in the coolant passages) was incorporated in the correlation, 

4. Boiling of the coolant, which was encountered at several 
engine powers \mder certain conditions of coolant flow, coolant 
temperature, and coolant composition, did not seriously affect 
the correlation for the ranges of variables covered in this 
investigation. 


Fli^t Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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TABLE I - SUiatARY OP ENGINE 


Variable or 
type of test 

Engine 

power 

(bhp) 

Engine 

speed 

(rpm) 

h'anifold 
pressure 
(in. Hg 
absolute) 

Charge 

flow 

(Ib/sec) 

Fuel -air 
ratio 

;jarburotor- 
alr temper - 
atxire 

(OF) 

Charge flow 

400-1180 

2600 

24-48 

1.03-2.47 

0.080 

60 

275-1260 

2600 

21-54 

.34-2.76 

.095 

85 


925-1060 

3200 

41-73 

2.35-4.40 

.095 

-5 


860-940 

2300-3200 

40 

1.70-2.18 

•080 

60 


750-873 

1800-3200 

40 

1.54-2.14 

.095 

66 


430-630 

1400-3200 

30 

.88-1.60 

.095 

86 


370-640 

1200-3200 

30 

.73-1.57 

.080 

60 

manifold 

786-794 

2600 

34-36 

1.33 

0.095 

80-184 

temperature 

555-590 

2600 

27-30 

1.39 

.090 

-20-170 


659-675 

2600 

30-34 

1.58 

.095 

-27-144 . 


798-846 

3000 

36-40 

2.04 

.095 

-43-146 


662-825 

2300-3200 

32-36 

1.72 

.080 

17 


647-812 

2300-3200 

34-40 

1.72 

.080 

140 


662-868 

2000-3200 

33-40 

1.76 

.095 

17 


546-742 

2000-3200 

31-40 

1.50 

.095 

143 

I^uel-air ratio 

740-790 

2600 

35 

1.75 

). 064 -0.116 

66 


731-037 

2600 

34-36 

1.84 

.062- .109 

120 


760-960 

3000 

39-41 

2.20 

.064- .116 

25 

Ignition 

. 577-656 

2600 

30 

1.53 

0.095 

40 

timing 

780-922 

3000 

40 

2.19 

.095 

19 

Exhaust 

540-612 

2600 

26-35 

1.43 

0.063 

i 24 

pressure 

598-703 

2600 

30-40 

1.60 

.100 

4 


620-726 

2600 

30-42 

1.59 

.085 

39 


944-994 

3000 

40-47 

2.28 

.085 

-2 


592-682 

3000 

30-41 

1.66 

.085 

19 


427-882 

2600 

35 

1.36-1.92 

.085 

32 

Coolant flow 

1000 

2600 

44 

2.21 

0.092 

75 


1000 

2600 

44 

2.21 

.093 

80 


780, 1160 

2600, 3000 

36, 50 

1.78, 2.71 

.095 

83 


780, 1160 

2600, 3000 

36, 50 

1.78, 2.71 

.095 

83 


780, 1160 

2000, 3000 

36, 50 

1.78, 2.71 

.095 

83 


780, 1160 

2600, 3000 

36, 50 

1.7G, 2.71 

.095 

83 


700, 1160 

2600, 3000 

36, 50 

1.78, 2.71 

.095 

83 

Engine 

1000,1250,1450 

3000 

42, 51, GO 

2.39, 2.94, 

0.095 

50 

calibration 

310-1200 

1 

2000-3000 

24-53 

3.40 

.73-2.80 

.064 -.096 

75 


^Engine equipped with aftercooler 
^AN-E-2 ethylene glycol. . 
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and coolant conditions 


Ignition 
timing 
(deg B.T.C.) 



14-54 8-48 

16-52 10-46 



34 

28 

34 

28 

34 

28 

34 

23 

34 

28 

34 

28 

34 

28 

34 

28 

34 

28 


Dry- inlet 
manifold 
temper - 
ature 
(°F) 


230 

256 

254 

194-319 

168-345 

135-345 

96-319 

223-275 

150-340 

143-314 

185-374 

152-277 

274-396 

118-277 

244-403 

236 

229-250 

252 


Coolant, Coolant Average Engine 

ethylene flow coolant coolant- 

glyool-water (gal/min) temper- outlet 

(percent ature pressure 

by volume) (®F) (Ib/sq in. 

Glycol I Water gag© ) 


Engine Engine 
running 
time 
(hr) 


38.9- 45.8 
153.8-156.5 

47.2- 51.2 
45.6- 47.2 


15.2- 19.7 

19.7- 24.5 
24.5- 20.3 

28.3- 31.2 
31.2- 33.7 

33.7- 35.8 


37.5- 38.9 

112.2-116.1 

116.1- 119.3 

148.5- 151.4 

142.2- 145.8 

136.5- 188.5 

140.6- 142.2 
138.5-140.6 
145.8-148.5 



85.6- 90.7 

90.7- 95.3 
95.3- 99.1 
99.1-103.1 

103.8-110.2 
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Thermocouple 
tX] Valve 
’ Main line 

Bypasa line 

Vent line 



Figure 2. - Schematic diagram of engine coolant system. 
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YU 



Puel-alr ratio 

Figure 3, - Variation of effective cylinder-gas temperature with fuel- 
air ratio* Data corrected to dry inlet-manifold temperature of 
80® P« Exhaust pressure, 29-30 Inches mercury absolute; standard 
Ignition timing. 
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1 . Engine Engine Manifold Charge 

- speed pressiire flow 

: (rpm) (in. Hg (lb/ 

: absolute) sec) 

: 2600 34-36 1.83 

: V C 2600 27-30 1.39 

^ O D 2600 30-34 1,58 

: + D 3000 36-40 2.04 

- O D 2300-3200 32-36 1,72 

■ A D 2300-3200 34-40 1,72 

: X B 2000-3200 33-40 1.76 

: O D 2000-3200 31-40 1.58 

1 ^Engine equipped with after cooler 

Carburetor- Fuel- 

air tempera- air 
txire ratio 

(Op) 

80-184 0.095 

-20-170 .090 

-27-144 .095 

-43-146 '.095 

17 .080 

140 .080 

17 .095 

143 ,095 

— \ 
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Figure 4, - Variation of effective cylinder-gas temperature with manifold 
temperatiore. Data corrected to fuel-air ratio of 0,080. Exhaust pres- 
sure, 29-30 Inches mercury absolute; standard ignition timing. 
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Exhaust pressure. In* Hg absolute 

Figure 5, - Variation of effective cylinder-gas temperature with exhaust 
pressure at several fuel-air ratios. Data corrected to dry inlet-manl- 
fold temperattire of 80° F; standard ignition timing; engine D. 
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Fuel-air ratio 


Figure 6. - Variation of effective cylinder-gas temperature with fuel- 
air ratio at various exhaust pressures obtained from cross plot of 
figure 5# Data corrected to dry inlet-manifold temperature of 
80* F; standard ignition timing; engine D* 
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Figure 7. - Variation of change in effective cylinder-ga's tempera- 
ture with ignition timing. Engine D, 
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Figure 11* ** Variation of factor Z with initial engine running time attributed to scale 

build-up in coolant passages of engine D. 
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(a) Data keyed for different variables. 

Figure 14. - Final correlation of cylinder-head temperatures based on equation (1) 
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(b) Data keyed for different engines. 

Figure 14. - Concluded. Pinal correlation of cylinder-head temperatures based on equation (1) 
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Figure 16. - Variation of coolant-property parameter 

with coolant temperature. 


NACA RM No. E8B06 



(o m ^ lO 


g 

to 


o 

GO 

CVJ 


o 

w 



XI 



c 

0 

•H 

40 

01 
sH 
U 
fld 
> 





o> 


00 



Maximum cylinder-head temperature between exhaust valves 


42 


NACA RM No. E8B06 



360 380 400 420 440 460 480 500 520 540 

Average cylinder-head temperature between exhaust valves, 


Figure 18* - Relation of average cylinder-head temperat\u?e between exhaust valves 
for 12 cylinders to hottest cylinder temperature measured at same location. 



